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On the Diurnal Soil Water Content 
Dynamics during EvaporaƟ on using 
Dielectric Methods
The water content dynamics in the upper soil surface during evaporaƟ on is a key element 
in land–atmosphere exchanges. Previous experimental studies have suggested that the soil 
water content increases at the depth of 5 to 15 cm below the soil surface during evapo-
raƟ on, while the layer in the immediate vicinity of the soil surface is drying. In this study, 
the dynamics of water content profi les exposed to solar radiaƟ ve forcing was monitored 
at a high temporal resoluƟ on using dielectric methods both in the presence and absence of 
evaporaƟ on. A 4-d comparison of reported moisture content in coarse sand in covered and 
uncovered buckets using a commercial dielectric-based probe (70 MHz ECH2O-5TE, Decagon 
Devices, Pullman, WA) and the standard 1-GHz Ɵ me domain refl ectometry method. Both 
sensors reported a posiƟ ve correlaƟ on between temperature and water content in the 5- to 
10-cm depth, most pronounced in the morning during heaƟ ng and in the aŌ ernoon during 
cooling. Such posiƟ ve correlaƟ on might have a physical origin induced by evaporaƟ on at 
the surface and redistribuƟ on due to liquid water fl uxes resulƟ ng from the temperature-
gradient dynamics within the sand profi le at those depths. Our experimental data suggest 
that the combined eﬀ ect of surface evaporaƟ on and temperature-gradient dynamics should 
be considered to analyze experimental soil water profi les. AddiƟ onal eﬀ ects related to the 
frequency of operaƟ on and to protocols for temperature compensaƟ on of the dielectric 
sensors may also aﬀ ect the probes’ response during large temperature changes.
AbbreviaƟ ons: TDR, Ɵ me domain refl ectometry.
An accurate descripƟ on of water content dynamics at the soil surface 
is crucial in understanding and modeling land–atmosphere interactions. Water content 
dynamics in the vicinity of the soil surface are aff ected by the diurnal cycle of atmospheric 
forcing through solar radiation, wind speed, air temperature and humidity, and surface 
properties. Th e expected characteristic diurnal course of surface water content during 
evaporation is a decrease soon aft er sunrise until sunset and stabilization or a slight rise at 
night due to redistribution via capillary rise, perhaps augmented by vapor condensation if 
the soil surface is exposed to a cold night sky. Th is trend has been observed in gravimetric 
water content data for the upper 1.0-cm soil layer (Rose, 1968; Jackson, 1973).
Other measurements obtained by dielectric sensors installed at 3- and 10-cm depths indi-
cated a diurnal course that was opposite to that expected (Verhoef et al., 2006), i.e., apparent 
soil water content at those depths increased from sunrise until noon and declined until 
sunset, showing a positive correlation with soil temperature, T. Attempts to correct the 
sensor response for temperature eff ects were inconclusive (Verhoef et al., 2006). Cahill and 
Parlange (1998) also measured atypical diurnal oscillations using time domain refl ectometry 
(TDR). Or and Wraith (2000) suggested that these fl uctuations could be explained, in part, 
in terms of liberation of bound water to the surface of the clay fraction of the soil (Wraith 
and Or, 1999; Or and Wraith, 1999), whereas Cahill and Parlange (1998, 2000) brought 
attention to the possible role of vapor movement due to air advection on the atypical dynam-
ics of the measured diurnal soil volumetric water content, θ. Parlange et al. (1998) suggested 
that the expansion and contraction of the soil air resulting from the diurnal heating and 
cooling of the soil surface might be the cause to the convective transport of water vapor.
To understand diurnal θ dynamics during evaporation, nondestructive monitoring of the 
water content at diff erent depths and at relatively high frequency (at subhourly resolution) is 
required. Electromagnetic methods exploit the diff erence between the dielectric permittivity 
of water (εw ~ 80), soil particles (εs ~ 2–9), and air (εa ~ 1), thus allowing θ to be estimated 
and off ering the ability to log data automatically (Topp et al., 1980; Wang and Schmugge, 
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1980; Friedman, 1998; Jones et al., 2002, Robinson et al., 2003). Th e 
accuracy of the electromagnetic method is aff ected by a large range of 
factors, however, including soil type, clay and organic matter contents, 
particle shape, temperature, salinity, phase confi guration, and inter-
facial polarization (Wraith and Or, 1999; Jones and Friedman, 2000; 
Robinson and Friedman, 2001; Jones and Or, 2002; Robinson et al., 
2003). Temperature fl uctuations are known to have signifi cant eff ects 
on the dielectric properties of the medium and on the response of the 
sensor. Th e temperature dependence of the dielectric permittivity of 
water, for instance, is well described to be linear through the empirical 
relationship εw = 88 − 0.35T, for water temperature T varying between 
5 and 40°C (Weast, 1986). Th e relative importance of the temperature-
induced errors is infl uenced by the frequency used by the measuring 
device (Chen and Or, 2006a,b). Sensors operating at frequencies lower 
than 100 MHz could be signifi cantly aff ected by temperature due 
to Maxwell–Wagner polarization eff ects (Chen and Or, 2006b), and 
soil moisture measurements can be biased even with carefully cali-
brated sensors. Seyfried and Grant (2007) quantifi ed the temperature 
eff ects on the dielectric permittivity of oven-dry and saturated soils 
using the Hydra Probe soil water sensor (Stevens Water Monitoring 
Systems, Portland, OR) operating at 50 MHz. Th ey found that for 
temperatures ranging from 5 to 45°C, a maximum apparent water 
content change of ±0.028 cm3 cm−3 was observed for the saturated 
soil samples while oven-dry samples were insensitive to temperature 
changes, which suggests that the temperature eff ects largely result 
from the water. Bogena et al. (2007) reported that the ECH2O-EC5 
sensor, which uses the same circuitry as the ECH2O-5TE (Decagon 
Devices, Pullman, WA), generally showed an increase in measured 
soil water content with increasing temperature. Th e maximum error 
in soil water content due to temperature eff ects on the sensor circuitry 
varied between −1.1% at 5°C to 1.8% at 40°C.
Temperature is also known to aff ect the soil hydraulic properties 
(Gardner, 1955; Philip and de Vries, 1957; Nimmo and Miller, 
1986; Hopmans and Dane, 1986; Grant and Salehzadeh, 1996). 
Grant and Bachmann (2002), in a review of the four most intuitive 
mechanisms that could explain the observed eff ect of temperature 
on capillary pressure, and consequently, on water content in soils 
(these being expansion of water, expansion of entrapped air, surface 
tension, and contact angle), came to the conclusion that all failed 
to satisfactorily describe the experimental data.
In this study, water content profi les in sand buckets exposed to 
solar radiative forcing were monitored at a high temporal resolu-
tion using dielectric methods both in the presence and absence of 
evaporation. Th e objectives of this study were to: (i) investigate 
the diurnal θ dynamics during evaporation; and (ii) analyze the 
possible errors in dielectric-based soil moisture measurements due 
to temperature fl uctuations. Th e apparent θ dynamics were moni-
tored by means of two diff erent dielectric sensors operating at two 
diff erent frequencies: the ECH2O-5TE operating at 70 MHz and 
a TDR cable tester connected to a custom three-rod probe operat-
ing nominally at 1 GHz.
 ?Methodology
In the experiment, coarse, air-dried sand (with an approximately 
normal distribution of grain sizes from 250 to 710 μm, with a mean 
value of 500 μm) was packed in two buckets (40-cm diameter by 
25-cm height) to a bulk density of 1.60 ± 0.03 g cm−3. During 
the packing, one ECH2O-5TE probe and one three-rod probe 
(15.0-cm-long, 2.80-mm-diameter rods and 15.0-mm rod spacing) 
were installed horizontally (with blades sideways) in each bucket at 
depths of 5.0, 10.0, and 15.0 cm below the surface; the sensors were 
located with depth in a helical pattern to avoid mutual interference.
The ECH2O-5TE sensors are reported to operate at 70 MHz 
and utilize three 5.2-cm-long prongs that provide a three-probe 
electrical array for bulk electrical conductivity, a dielectric per-
mittivity sensor for θ estimates, and a thermistor for temperature 
measurement. Each set of three sensors was connected to an Em50 
datalogger (Decagon Devices, Pullman, WA), and θ and T data 
were collected and stored every 15 min. Th e 5TE probe infers the 
bulk dielectric permittivity, εb, from the capacitance of the sur-
rounding medium. A 70-MHz signal is supplied to charge the 
prongs, the charge being a function of the soil dielectric permittiv-
ity and volumetric water content. A microprocessor measures that 
charge and outputs a raw value from the probe. Th e 5TE sensor is 
factory calibrated, and the raw output corresponds to 50εb.
Th e performance of the six sensors used was tested in a prelimi-
nary experiment where all the sensors measured similar conditions 
and the resulting sensor-to-sensor variability was relatively low: 
estimated as 3.5% for the water content and 2% for the tempera-
ture. Furthermore, the reliability of the ECH2O-5TE thermistor 
was assessed in an independent heating–cooling experiment by 
comparison with reference data obtained with thermocouples: the 
transient temperature measured by the thermistors was identical to 
those from the thermocouples. Detailed testing of sensor-to-sensor 
variability of the 5TE can be found in Rosenbaum et al. (2010).
Using a Tektronics 1502 metallic cable tester with the TDR probes 
is oft en reported as a 1-GHz measurement. It should be noted that 
because it uses a step change in voltage as its interrogating signal, it 
is actually a signal that has all frequencies represented, from sub-
megahertz up to about 2.0 GHz. However, the eff ective frequency 
is defi nitely within the gigahertz range rather than megahertz 
(Robinson et al., 2003). Th e six three-rod TDR probes were con-
nected to the Tektronics 1502 metallic cable tester via a 16-channel 
multiplexer (Dynamax, Houston, TX) and the waveforms sampled 
every 15 min. Th e electrical length calibration of the probes was 
performed in distilled water at room temperature (~21°C). Th e 
waveform travel time analysis was performed using the WinTDR 
soft ware (Or et al., 2003).
Th e calibration curve for coarse sand suggested by Robinson et 
al. (2005) was used to transform the soil dielectric permittivity 
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measurements into volumetric water content, θ, estimates for 
both sensor types. Th ese estimates of θ were corrected for the 
temperature eff ect on the permittivity of the water, assuming the 
Maxwell–Garnett mixing equation (Robinson et al., 2005).
Th e sand surface was wetted evenly using a sprayer with distilled 
water, and the amount of water added to the buckets corresponded 
to an initial mean water content of 0.26 ± 0.01 m3 m−3. Th e use 
of distilled water and leached sand allow us to assume that the 
contribution of changes in electrical conductivity to the observed 
error in θ should be very small.
One bucket was covered with a transparent polyethylene sheet to 
prevent evaporation, while the other bucket was left  uncovered. 
Th e uninsulated buckets were exposed in an open area from 19 to 
23 Nov. 2009. Th e experiment took place at the A.R.O. campus in 
Bet-Dagan (32°0´ N, 34°48´ E), Israel. During the measurement 
period, days were clear and sunny, and no rain was measured. Th e 
observed net solar radiation, air temperature, and relative humidity 
during the experiment are presented in the Appendix (Fig. A1).
 ?Results
Temperature Measurements
Sand temperature, T, was measured at all depths, Z, by the built-in 
thermistor of the ECH2O-5TE probes in both the covered and 
uncovered buckets (Fig. 1). Th e temperature gradient was esti-
mated from the discrete T measurements according to
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where the depth index i = 1 corresponds to Z = 5 cm, and i = 3 
corresponds to Z = 15 cm.
In the covered bucket, diurnal soil temperature T followed the 
expected quasi-sinusoidal temporal distribution, peaking at 1200 h 
(Fig. 1, upper left  panel). Th e temperature variation at the vicin-
ity of the surface (5.0-cm depth) ranged from a minimum close 
to 15°C slightly before sunrise to a maximum around 30°C (for 
the covered sand) in the early aft ernoon. Th e maximum diff erence 
between the surface and deeper soil layers (10 and 15 cm) was ~3°C. 
Th is relatively small diff erence and the relatively short phase shift  
in the maxima and minima of T with depth can be explained by 
the fact that the buckets did not exchange heat only at the sand 
surface but also radially through the bucket walls. Th erefore, the 
response in terms of T(Z) is diff erent from the behavior that would 
have been simulated by a one-dimensional sand column model of 
heat transport. Regarding the temperature gradients (Fig. 1, upper 
right panel), the buildup of a positive gradient (decreasing T with 
depth) in the morning hours, with a maximum before 1200 h, is 
depicted for the 5- to 10-cm layer, while the buildup of a negative 
gradient occurred in the 10- to 15-cm layer.
Fig. 1. Measured temperatures (left ) and estimated temperature gradients with depth, ΔT/ΔZ, (right) at the diff erent depths and for the covered and 
uncovered surfaces. Th e vertical dashed lines indicate 1200 h daily.
www.VadoseZoneJournal.org | 712
When evaporation occurred (the uncovered case), the maximal tem-
perature close to the surface was reduced to 25°C (cooling eff ect) (Fig. 
1, lower left  panel), resulting in a larger diff erence within the whole 
profi le. Th is increased the amplitudes of the temperature gradients 
(Fig. 1, lower right panel) without aff ecting the general trends shown 
in the covered case where evaporation was prevented.
Volumetric Water Content Measurements
Th e initial water content distribution with depth in the buckets 
was consistent with the hydrostatic conditions. Th e mean water 
content, Θ, was approximated as the weighted mean of θi at the 
depth Zi. Th e weighting factors corresponded to the relative thick-
ness of the corresponding sand layer:
( )3 1
3
1
i ii
ii
d
d
=
=
θΘ=∑∑  [2]
where di is the thickness of the sand layer represented by the mea-
sured water content θi. Th e dynamics of Θ during the experiment 
is depicted in Fig. 2. By design, the covered buckets should show a 
constant total water content, but the computed mean water con-
tent fl uctuated in phase with the diurnal temperature (Fig. 2). It 
appears that the readings of the ECH2O-5TE and the TDR probes 
are still both sensitive to temperature even aft er the applied cor-
rection for a temperature eff ect on the permittivity of the water 
assuming the Maxwell–Garnett mixing equation (Robinson et al., 
2005), and that the Θ values estimated by the two sensor types are 
similar only late in the aft ernoon.
The computed mean water content in the uncovered buckets 
decreased steadily during the experiment and followed the expected 
evaporation pattern, with superimposed daily 
fl uctuations, as in the covered case, due to tem-
perature dynamics. Both sensor types captured 
the main trend in Θ but a diff erence between 
the ECH2O-5TE and the TDR build aft er the 
second day, with the TDR indicating lower 
Θ values. Th e estimated water content at the 
end of the experiment, based on weighing the 
uncovered bucket at the beginning and end of 
the experiment, was 0.14 ± 0.01 m3 m−3, sug-
gesting that the TDR sensors are more accurate 
that the ECHO-5TE ones.
Th e dynamics of θ as a function of depth mon-
itored by the two sensor types are distinct (Fig. 
3). For the covered buckets, the TDR sensors 
(Fig. 3a) depicted the hydrostatic distribution 
of θ with depth, and showed the superim-
posed fl uctuation in phase with temperature 
dynamics. Th e ECH2O-5TE sensors (Fig. 3b) 
depicted a less gradual change in θ with depth, 
as would be expected from a hydrostatic pro-
fi le wherein the magnitudes of the readings taken at the 10-cm 
depth are close to those taken at the 5-cm depth but the time 
dependence of the 10-cm measurements are more closely akin to 
the 15-cm observations. Th e temperature impact is noticeable in 
both sensors and at all depths, being more marked at the 5-cm 
depth (Fig. 3a and 3b).
When evaporation took place (Fig. 3c and 3d), θ decreased, as 
would be expected, at the shallower and intermediate depths (5 
and 10 cm), while it remained practically constant at the deeper 
sensor (15 cm). Here, too, water content apparently peaked at 
1200 h, and it seems that the stronger effect corresponded to 
the intermediate probe at the 10-cm depth. Because the overall 
bucket measurements showed that the actual total water content 
decreased monotonically, this apparent gain of mass may be attrib-
uted to instrument error. Interestingly, it can be seen in Fig. 3c that 
θ(t) for Ζ = 5 cm is concave while θ(t) for Ζ = 10 cm is convex, indi-
cating that the water demand for evaporation was provided in the 
early stages by the upper sand layer and later on by the deeper layer.
Th e water content data of the last day of the experiment were 
expressed vs. the corresponding measured temperature T for the 
covered and uncovered cases (Fig. 4). Th e resulting θ(T) relation-
ships depicted practically linear relationships. For the deeper TDR 
probes (Fig. 4a and 4c), where the sand was very humid, the slope 
of these relationships is practically 0, independent of the surface 
condition: the applied correction for temperature was appropri-
ate and compensated satisfactorily for temperature eff ect on the 
permittivity of the water. For the shallower TDR probe, how-
ever, a positive slope was measured in the covered case (Fig. 4a), 
indicating that the correction for temperature was not suffi  cient 
Fig. 2. Computed weighted mean water content (Θ) for the time domain refl ectometry (TDR) 
probes and ECH2O-5TE probes for the covered and uncovered sand buckets. Th e vertical 
dashed lines indicate 1200 h daily.
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and suggesting that other factors have to be considered. When 
evaporation occurred, the positive slope is noticeable mainly in the 
aft ernoon, when cooling took place while evaporation continued. 
Th is positive slope is steeper at the 10-cm depth (Fig. 4c), suggest-
ing that processes within the sand profi le might be the reason for 
such “atypical” behavior.
When data from the ECH2O-5TE probes are considered (Fig. 4b and 
4d), a positive slope in θ(T) is noticeable at all depths and independent 
of the surface condition. Such positive slope indicates that compensa-
tion for the eff ect of temperature on the water permittivity was not 
enough for that specifi c sensor type and that additional causes still 
induced a positive correlation between temperature and water content.
 ?Discussion
Th e apparent diurnal θ dynamics measured by dielectric sensors 
during evaporation (Cahill and Parlange, 1998; Or and Wraith, 
2000; Verhoef et al., 2006) generated a debate about the nature 
and causes of such an “atypical” behavior. Th e primary diffi  culty 
in explaining the observed trend of positive temperature–soil water 
content correlation stems from the fact that it is well established that 
water dielectric permittivity decreases with increasing temperature 
(Weast, 1986; Pepin et al., 1995). Th is implies that an increase in T 
results in a decrease in the soil dielectric permittivity. Th is leads to a 
misestimation of θ when a calibration with no temperature compen-
sation is used. In the following, we evaluate to what extent diff erent 
factors and mechanisms might be at the origin of the observed sensor 
response and could contribute to explaining the experimental results.
Eﬀ ect of Bound Water
Th e physical model of Or and Wraith (1999) has shown that, depend-
ing on the water content and the surface area of the specifi c soil 
under interest, the dielectric permittivity of the medium measured 
by TDR can either increase or decrease with increasing temperature 
due to the opposing temperature response of the bulk and bound soil 
water dielectric constants. Th erefore, coarse sand, with very low sur-
face area, was chosen for this experiment to minimize the eff ect of 
bound water, and we assume that it was negligible in this experiment.
OperaƟ ng Frequency 
and Maxwell–Wagner PolarizaƟ on
Th e two types of sensors used in this study operate at diff erent frequen-
cies: the TDR probes eff ectively measure at approximately 1 GHz 
whereas the ECH2O-5TE probes operate at 70 MHz. Th e eff ects of 
frequency have been long recognized (e.g., Campbell, 1990), and stud-
ied with respect to changes in T by Chen and Or (2006a,b). Th e nature 
of soils as mixtures of constituents with diff erent dielectric constants 
and separated by numerous interfaces gives rise to Maxwell–Wagner 
polarization. Interfacial processes are dominant at lower frequencies 
Fig. 3. Measured sand water content (θ) by means of (a and c) time domain refl ectometry (TDR) probes and (b and d) ECH2O-5TE probes at the 
diff erent depths and for the (a and b) covered and (c and d) uncovered sand buckets. Th e vertical dashed lines indicate 1200 h daily.
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and can signifi cantly aff ect the θ estimates when temperature changes 
are signifi cant. Direct measurements using a network analyzer and 
model calculations (Chen and Or, 2006b) have shown that below the 
frequency of 100 MHz, the measured dielectric permittivity increases 
with increasing temperature, while it decreases with increasing tem-
perature above this threshold, as is observed for free water (Weast, 1986; 
Pepin et al., 1995). If Maxwell–Wagner polarization is a relevant mech-
anism for ECH2O probe measurements, a clear positive correlation 
between temperature and water content is expected, as was observed 
(Fig. 4b and 4d). Th ermal eff ects on the Maxwell–Wagner polarization 
mechanism could thus explain, at least in part, the atypical response 
of the ECH2O-5TE probes. Indeed, the ratio of surface area to water 
volume increases with decreasing water content, which might favor the 
eff ects of Maxwell–Wagner polarization over the eff ects of temperature 
on bulk water dielectric permittivity at lower water contents.
Th e TDR data are expected to be unaff ected by Maxwell–Wagner 
polarization eff ects because the sensors operate far above the 100-
MHz crossover frequency shaping the thermal eff ect on interfacial 
polarization (Robinson et al., 2003). Figures 4a and 4c depict no 
temperature eff ect on θ aft er compensation for the eff ect of T on 
the water permittivity for the deeper probes. A positive correla-
tion between θ and T was observed on the whole profi le (Fig. 2), 
however, and mostly at soil depths of 5 and 10 cm for this sensor 
type also (Fig. 4a and 4c). Th erefore, other physical mechanisms 
have to be at the origin of such positive correlation.
Eﬀ ect of Temperature on Water Vapor Fluxes
Another possible mechanism for the observed changes in behavior 
may be the migration of water vapor due to thermal and pressure 
gradients. Th e water vapor fl ux, qv, can be approximated following 
de Vries’ model (de Vries, 1958):
v a vgradq D=−ξ η ρ  [3]
where Da is the diff usivity of water vapor in still air, ρv, is the satu-
rated vapor density at a given temperature, η is the enhancement 
factor, and ξ is the product of the tortuosity factor times the air-fi lled 
porosity, which was defi ned following Millington and Quirk (1961):
( )
2
1.33 1n
n
⎛ ⎞θ ⎟⎜ξ= −θ − ⎟⎜ ⎟⎜⎝ ⎠  [4]
where θ is the measured water content of the respective layers 
and n is the total porosity. Th e diff usivity of water vapor, Da, was 
estimated by an expression resulting from a linear fi t to the data 
reported by Gates (1980) (Holsoft  Web Design, 2001):
( )6a 21.2 10 1 0.0071D T−= × +  [5]
Fig. 4. Th e relationships between water content and temperature, θ(T), for (a and c) the time domain refl ectometry probes and (b and d) ECH2O-5TE 
probes at the diff erent depths and for the (a and b) covered and (c and d) uncovered sand buckets for the last day of the experiment.
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where Da is in square meters per second and T is in degrees 
Celsius. Th e enhancement factor, η, was evaluated for the 
sand (no clay fraction) following Cass et al. (1984):
9.5 3
n
θη= +  [6]
Th e temperature data for the last day of the experiment were 
used to estimate the vapor pressure at each depth, esi, assum-
ing water-vapor-saturated air in the pores (Allen et al., 1998):
s
17.502
611.2 exp
240.97
i
i
i
T
e
T
⎛ ⎞⎟⎜ ⎟= ⎜ ⎟⎜ ⎟⎜ +⎝ ⎠  [7]
where Ti is the layer temperature (in °C) and esi is in pascals. 
Th e corresponding ρvi values were estimated according to 
(Brutsaert, 1982)
s
v
d a
0.622 i
i
i
e
R T
ρ =  [8]
where Rd is the gas constant (287.04 J kg−1 K−1) and Tai 
is the absolute temperature of the soil layer (K). Th e gradient dρvi/
dZi was computed for the diff erent layers, as in Eq. [1] for dTi/dZi.
Th e resulting predicted vapor fl uxes are depicted in Fig. 5 for cov-
ered and uncovered conditions. Th e trends are basically similar for 
the covered and uncovered cases but the amplitude of the diurnal 
variation of the fl ux is four times larger in the uncovered case, where 
evaporation occurred. In the morning, from approximately 0900 
to 1030 h, negative fl uxes (directed downward) were computed for 
the upper layer (7.5-cm depth) while fl uxes in the opposite direc-
tion (positive fl uxes) were computed for the deeper layer (12.5-cm 
depth). Th erefore, during that period, accumulation of vapor could 
occur at the 10-cm depth, and a possible condensation of that vapor 
on the cooler sand could theoretically increase the water content at 
that depth and partly explain the “atypical” behavior of the sensors. 
Th e amount of water added by such a process is very small, how-
ever—below the detection level of the sensors. From 1030 h, the 
vapor fl uxes at both depths were positive and directed upward. Th e 
fl ux peaked at 1200 h at the 12.5-cm depth, while it peaked in the 
aft ernoon (around 1500 h) at the 7.5-cm depth. Interestingly, at that 
time, the vapor fl ux reversed direction at the 12.5-cm depth.
In conclusion, although the direction of the vapor fl uxes at the 
diff erent depths was consistent with the observed changes in θ, 
their magnitude is insuffi  cient to explain the reported changes. It 
is interesting to note that the computed vapor fl uxes are on the 
same order of magnitude as the fl uxes resulting from the theory 
of Parlange et al. (1998), where the convective transport of water 
vapor, not considered here, was addressed.
Eﬀ ect of Temperature on Liquid Water Fluxes
To investigate the eff ect of the sand temperature on the liquid water 
fl ux, and consequently on θ, numerical simulations were performed 
with the modifi ed version of HYDRUS-1D that solves the coupled 
equation governing liquid water and heat transport (Saito et al., 
2006). Th at version accounts also for the eff ect of temperature on 
the soil water retention curve using the gain factor suggested by 
Nimmo and Miller (1986), as well as for the eff ect of temperature 
on the water surface tension. Th ese preliminary simulations did 
not aim to reproduce the experimental data but to give a qualita-
tive estimate of the impact of temperature changes on the liquid 
water fl ux as well as the θ dynamics. Indeed, the one-dimensional 
approximation did not fully correspond to the experimental setup, 
which allowed for heat exchange through the bucket walls.
The hydraulic and thermal properties of the sand were taken 
directly from the built-in catalog of soil properties in HYDRUS. 
Th e initial conditions corresponding to the hydrostatic θ profi le 
and measured T profi le at 000 h were implemented. Temperature 
values measured at the 5.0-cm depth were assumed as conditions 
for the temperature at the upper boundary. Th e covered case was 
simulated by assuming a no-fl ux boundary at the surface, while 
hourly evaporation rates estimated from Fig. 2 were used for the 
upper boundary of the uncovered case. A no-fl ux condition was 
used for the lower boundary in all the cases. A 48-h simulation 
was performed and compared with an analogous calculation in 
which the temperature was kept constant with time to highlight 
the eff ect of temperature on the simulated liquid fl ux.
Th e fractional change in water content, Δθ/θo = (θ − θo)/θo (θo 
denotes the initial value of θ at 000 h, t = 0), during the second 
day of the simulation is provided in Fig. 6 for the case where tem-
perature eff ects were neglected (dashed line) and the case where 
they were accounted for (solid line) for the covered (upper plot) 
and uncovered (lower plot) cases. For comparison purposes, the 
corresponding trends measured by the TDR and the ECH2O-5TE 
probes are also depicted in Fig. 6. Data showing a clear positive 
correlation between T and θ (Fig. 4), namely, the 5-cm depth 
Fig. 5. Estimated diurnal dynamics of the diff usive fl uxes of water vapor, qv, for the 
diff erent layers of the covered (dashed lines) and uncovered (solid lines) sand buck-
ets. Th e vertical dashed line indicates 1200 h.
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for the covered case and the 10-cm depth for the uncovered case, 
were chosen to illustrate the measured trends. When temperature 
eff ects were neglected, the simulated Δθ/θo = 0 in the covered 
case; it decreased monotonically during the daytime as evapora-
tion took place and remained practically constant in the absence 
of evaporation at night in the uncovered case (dashed lines in Fig. 
6). When temperature eff ects were accounted for, the simulated 
water content dynamics during the day reproduced the measured 
trends: Δθ/θo increased during the morning hours when the sand 
heated up, peaked shortly aft er noon, then decreased while evapo-
ration continued but the sand was already beginning to cool off . 
Th is result indicates that temperature eff ects on liquid fl uxes and 
water content dynamics could therefore contribute to explain the 
observed positive correlation between θ and T measured by the 
dielectric sensors.
 ?Summary and 
Conclusions
Various published experimental studies where 
upward evaporation was induced observed an appar-
ent wetting during the daytime occurring 5 to 15 cm 
below the surface. Because this behavior was mea-
sured by means of dielectric methods, known to be 
aff ected by temperature, the possibility of an artifact 
was considered and debated. In this study, nonde-
structive dielectric methods were applied to monitor 
water content profi les at a high temporal resolution 
(every 15 min) in covered and uncovered buckets 
to prevent and allow evaporation, respectively. Two 
diff erent sensors were used: TDR, operating at 1 
GHz, and the ECH2O-5TE, operating at 70 MHz.
Both sensors detected a positive correlation between 
temperature and water content at certain hours of 
the day, mainly at the 10-cm depth, even though the 
data were corrected for the decrease in the dielectric 
permittivity of water with increasing temperature.
Th is positive correlation between temperature and 
water content is clearly noticeable and persistent 
during cooling but also shortly aft er sunrise when 
the soil temperature started rising. As TDR oper-
ates at 1-GHz frequency and should not be aff ected 
by Maxwell–Wagner polarization, this suggests 
that the observed positive correlation has a physi-
cal origin related to fl ow processes within the sand 
profi le. During cooling, this positive correlation 
may result from the fact that evaporation contin-
ues while the soil temperature begins to decrease 
in the aft ernoon. During heating, additional physi-
cal processes may be involved. Estimated water 
vapor diff usive fl uxes showed that, for both the covered and the 
uncovered cases, fl uxes in the 10- to 15-cm layer were too small 
to explain that positive correlation. A preliminary simulation 
of the temperature eff ect on the liquid water content dynamics 
revealed periods of positive correlation between θ and T that 
corresponded to those observed experimentally. Th erefore, the 
combined eff ect of surface evaporative fl uxes and temperature-
gradient dynamics on liquid fl uxes should be accounted for when 
measured data of spatial and temporal distributions of soil water 
content during evaporation are analyzed.
Additional effects related to the frequency of operation and 
to protocols for temperature compensation of the probes still 
play the most significant role in shaping the dielectric sen-
sors’ response under experimental conditions. Also, the direct 
eff ects of temperature on the ECH2O-5TE circuitry may aff ect 
the sensor response, as shown by Bogena et al. (2007) on the 
Fig. 6. Diurnal dynamics of the fractional change in water content, θ − θo/θo, for the sec-
ond day of the simulation when temperature eff ects are accounted for (solid line) and 
neglected (dashed line), and the corresponding time domain refl ectometry (TDR) and 
ECH2O-5TE probe data in the covered (upper plot) and uncovered (lower plot) sand 
buckets. Th e simulation was performed using the HYDRUS-1D version accounting for 
heat transport (Saito et al., 2006). Th e vertical dashed lines indicates 1200 h.
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ECH2O-EC5, which uses the same circuit as the 5TE. Th is sug-
gests that great deference must be used when interpreting subtle 
changes in the apparent dielectric permittivity under condi-
tions where temperature fl uctuations are signifi cant. Alternative 
nondestructive measurement techniques, such as gamma ray 
attenuation, may be needed to fully understand these processes.
 ?Appendix
Climatic data during the experiment were monitored at the site. 
Net radiation was measured by a net radiometer (Q*7.1, REBS, 
Seattle, WA). Dry- and wet-bulb air temperatures were measured 
by two aspirating psychrometers, shielded against direct solar radi-
ation. Th e instruments were positioned 4.0 m above the surface 
level. Th e data are presented in Fig. A1.
Acknowledgments
S. Assouline gratefully acknowledges Shmulik Friedman and Dani Or for their in-
sightful comments.
References
Allen, R.G., L.S. Pereira, D. Raes, and M. Smith. 1998. Crop evapotranspira-
Ɵ on: Guidelines for compuƟ ng crop water requirements. FAO Irrig. Drain. 
Pap. 56. FAO, Rome.
Bogena, H.R., J.A. Huisman, C. Oberdörster, and H. Vereecken. 2007. Evalua-
Ɵ on of a low-cost soil water content sensor for wireless network applica-
Ɵ ons. J. Hydrol. 344:32–42.
 Brutsaert, W. 1982. EvaporaƟ on into the atmosphere: Theory, history and 
applicaƟ ons. D. Reidel Publ. Co., Dordrecht, the Netherlands.
Cahill, A.T., and M.B. Parlange. 1998. On water vapor transport in fi eld soils. 
Water Resour. Res. 34:731–739.
Cahill, A.T., and M.B. Parlange. 2000. Reply. Water Resour. Res. 36:3107–3110.
Campbell, J.E. 1990. Dielectric properƟ es and infl uence of conducƟ vity in 
soils at one to fi Ō y megahertz. Soil Sci. Soc. Am. J. 54:332–341.
Cass, A., G.S. Campbell, and T.L. Jones. 1984. Enhancement of thermal water 
vapor diﬀ usion in soil. Soil Sci. Soc. Am. J. 48:25–32.
Chen, Y., and D. Or. 2006a. Eﬀ ects of Maxwell–Wagner polarizaƟ on on soil com-
plex dielectric permiƫ  vity under variable temperature and electrical con-
ducƟ vity. Water Resour. Res. 42:W06424, doi:10.1029/2005WR004590.
Chen, Y., and D. Or. 2006b. Geometrical factors and interfacial processes af-
fecƟ ng complex dielectric permiƫ  vity of parƟ ally saturated porous me-
dia. Water Resour. Res. 42:W06423, 10.1029/2005WR004744.
de Vries, D.A. 1958. Simultaneous transfer of heat and moisture in porous 
media. Eos Trans. Am. Geophys. Union 39:909–916.
Friedman, S.P. 1998. A saturaƟ on degree-dependent composite spheres 
model for describing the eﬀ ecƟ ve dielectric constant of unsaturated po-
rous media. Water Resour. Res. 34:2949–2961.
Gardner, R. 1955. RelaƟ ons of temperature to moisture tension of soils. Soil 
Sci. 79:257–265.
Gates, D.M. 1980. Biophysical ecology. Springer-Verlag, Berlin.
Grant, S.A., and J. Bachmann. 2002. Eﬀ ect of temperature on capillary pres-
sure. p. 199–212. In P.A.C. Raats et al. (ed.) Environmental mechanics: 
Water, mass and energy transfer in the biosphere. Geophys. Monogr. 
129. Am. Geophys. Union, Washington, DC.
Grant, S.A., and A. Salehzadeh. 1996. CalculaƟ ons of temperature eﬀ ects 
on weƫ  ng coeﬃ  cients of porous solids and their capillary and weƫ  ng 
WRCs. Water Resour. Res. 32:261–279.
HolsoŌ  Web Design. 2001. HolsoŌ ’s physics resources pages. Available at 
physics.holsoŌ .nl/physics/physreso.htm (verifi ed 9 July 2010). HolsoŌ  
Web Design, the Netherlands.
Hopmans, J.W., and J.H. Dane. 1986. Temperature dependence of soil hy-
draulic properƟ es. Soil Sci. Soc. Am. J. 50:4–9.
Jackson, R.D. 1973. Diurnal changes in soil water content during drying. p. 
37–55. In R.R. Bruce et al. (ed.) Field soil water regime. SSSA Spec. Publ. 
5. SSSA, Madison, WI.
Jones, S.B., and S.P. Friedman. 2000. ParƟ cle shape eﬀ ects on the eﬀ ecƟ ve 
permiƫ  vity of anisotropic or isotropic media consisƟ ng of aligned or ran-
domly oriented ellipsoidal parƟ cles. Water Resour. Res. 36:2821–2833.
Jones, S.B., and D. Or. 2002. Surface area, geometrical and confi guraƟ on ef-
fects on permiƫ  vity of porous media. J. Non-Cryst. Solids 305:247–254.
Jones, S.B., J.M. Wraith, and D. Or. 2002. Time domain refl ectometry (TDR) 
measurement principles and applicaƟ ons. Hydrol. Processes 16:141–153.
Millington, R.J., and J.M. Quirk. 1961. Permeability of porous solids. Trans. 
Faraday Soc. 57:1200–1207.
Nimmo, J.R., and E.E. Miller. 1986. The temperature dependence of isother-
mal moisture vs. potenƟ al characterisƟ cs of soils. Soil Sci. Soc. Am. J. 
50:1105–1113.
Or, D., S.B. Jones, J.R. Van Shaar, S. Humphries, and L. Koberstein. 2003. Win-
TDR– soil analysis soŌ ware users guide, Version 6.1. Dep. of Plants, Soil, 
and Biometeorol., Utah State Univ., Logan.
Or, D., and J.M. Wraith. 1999. Temperature eﬀ ects on soil bulk dielectric 
permiƫ  vity measured by Ɵ me domain refl ectometry: A physical model. 
Water Resour. Res. 35:371–383.
Or, D., and J.M. Wraith. 2000. Comment on “On water vapor transport in fi eld 
soils” by A.T. Cahill and M.B. Parlange. Water Resour. Res. 36:3103–3105.
Parlange, M.B., A.T. Cahill, D.R. Nielsen, J.W. Hopmans, and O. Wendroth. 
1998. Review of heat and water movement in fi eld soils. Soil Tillage Res. 
47:5–10.
Pepin, S., N.J. Livingston, and W.R. Hook. 1995. Temperature-dependent 
measurement errors in Ɵ me domain refl ectometry determinaƟ ons of 
soil water. Soil Sci. Soc. Am. J. 59:38–43.
Philip, J.R., and D.A. de Vries. 1957. Moisture movement in porous materials 
under temperature gradients. Trans. Am. Geophys. Union 38:222–232.
Robinson, D.A., and S.P. Friedman. 2001. Eﬀ ect of parƟ cle size distribuƟ on on 
the eﬀ ecƟ ve dielectric permiƫ  vity of saturated granular media. Water 
Resour. Res. 37:33–40.
Robinson, D.A., S.B. Jones, J.M. Blonquist, Jr., and S.P. Friedman. 2005. A 
physically derived water content/permiƫ  vity calibraƟ on model for 
coarse-textured, layered soils. Soil Sci. Soc. Am. J. 69:1372–1378.
Fig. A1. Air temperature, relative humidity, and net solar radiation at 
the experimental site.
www.VadoseZoneJournal.org | 718
Robinson, D.A., S.B. Jones, J.M. Wraith, D. Or, and S.P. Friedman. 2003. A 
review of advances in dielectric and electrical conducƟ vity measurement 
in soils using Ɵ me domain refl ectometry. Vadose Zone J. 2:444–475.
Rose, C.W. 1968. Water transport in soil with a daily temperature wave: I. 
Theory and experiment. Aust. J. Soil Res. 6:31–44.
Rosenbaum, U., J.A. Huisman, A. Weuthen, H. Vereecken, and H.R. Bogena. 
2010. Sensor-to-sensor variability of the ECH2O EC-5, TE, and 5TE sensors 
in dielectric liquids. Vadose Zone J. 9:181–186.
Saito, H., J. Šimůnek, and B.P. Mohanty. 2006. Numerical analysis of cou-
pled water, vapor, and heat transport in the vadose zone. Vadose Zone 
J. 5:784–800.
Seyfried, M.S., and L.E. Grant. 2007. Temperature eﬀ ects on soil dielectric 
properƟ es measured at 50 MHz. Vadose Zone J. 6:759–765.
Topp, G.C., J.L. Davis, and A.P. Annan. 1980. ElectromagneƟ c determinaƟ on 
of soil water content: Measurement in coaxial transmission lines. Water 
Resour. Res. 16:574–582.
Verhoef, A., J. Fernández-Gávez, A. Diaz-Espejo, B.E. Main, and M. El-Bishi. 
2006. The diurnal course of soil moisture as measured by various dielec-
tric sensors: Eﬀ ects of soil temperature and the implicaƟ ons for evapora-
Ɵ on esƟ mates. J. Hydrol. 321:147–162.
Wang, J.R., and T.J. Schmugge. 1980. An empirical model for the complex 
dielectric permiƫ  vity of soils as a funcƟ on of water content. IEEE Trans. 
Geosci. Remote Sens. 18:288–295.
Weast, R.C. (ed.) 1986. CRC handbook of chemistry and physics. 67th ed. CRC 
Press, Boca Raton, FL.
Wraith, J.M., and D. Or. 1999. Temperature eﬀ ects on soil bulk dielectric 
permiƫ  vity measured by Ɵ me domain refl ectometry: Experimental evi-
dence and hypothesis development. Water Resour. Res. 35:361–369.
